ABSTRACT -Purpose.
intramuscular administration of alum adsorbed HBsAg (10 µg). In addition, the bilosomal preparations elicited measurable sIgA in mucosal secretions, where the highest responses were observed with high dose HBsAg bilosomes (B3, 50µg) and as expected, intramuscular administered alum adsorbed HBsAg (10 µg) failed to elicit such responses. Conclusions. HBsAg loaded bilosomes produced both systemic as well as mucosal antibody responses upon oral administration. Furthermore, bilosomes with a five times higher dose upon oral administration produced comparable serum antibody titres to those obtained after intramuscular immunization without the induction of systemic tolerance.
INTRODUCTION
Viral hepatitis has become a global public health problem. Hepatitis B virus (HBV) causes both acute and chronic infections. The wide clinical spectrum of HBV infection ranges from sub clinical to acute symptomatic hepatitis; from an inactive hepatitis B surface antigen (HBsAg) carrier state to liver cirrhosis and its complications during the chronic phase (1). About 90% of infants who acquire HBV infection from their mothers at birth become chronically infected. More than 3,000 persons reportedly die of Hepatitis B-related cirrhosis each year in the United States (2) . Persons with chronic HBV infection are at 12 to 300 times higher risk of hepatocellular carcinoma than non-carrier individuals (2) .
HBV is transmitted on parenteral or mucosal exposure to HBsAg positive body fluids generally from HBV infected persons (3) .
Currently, the available hepatitis B vaccine is administered parenterally and induces only systemic immune response. The antibodies produced as systemic immune response are unable to provide protection at the level of mucosa, which is the major entry site for most infectious agents including HBV.
Mucosal immunization via the oral route utilizing appropriate delivery systems can be an effective and attractive alternative to this conventional parenteral immunization. Oral administration of antigens induces production of sIgA, not only at the site of antigen application, but also in other external secretions due to the dissemination of antigen-sensitized cells to other tissues (4) . Oral immunization utilizing delivery systems can cause induction of both systemic as well as mucosal immune responses.
Apart from this, oral immunization also offers a number of inherent advantages over the parenteral route that include ease and convenience of administration, increased patient compliance, and minimal side effects and thus a greater possibility of frequent boosting.
The problem associated with oral delivery of antigen, i.e. the denaturation and degradation in the hostile environment of gastrointestinal tract, consequently requires larger and more frequent dosing of antigen which further leads to oral tolerance (4); this can be overcome by utilizing appropriate delivery systems (5) (6) (7) (8) (9) (10) (11) .
Previously, oral administration of antigens using bilosomes have showed effective stimulation of both systemic and mucosal immune responses suggesting bilosomes to be a promising and potential carrier system for oral immunization (11) (12) (13) (14) .
The major objective of the present study was to determine the dose that could produce serum antibody titres against hepatitis B via the oral route using bilosomes which were comparable to those following intramuscular immunization. In this study recombinant hepatitis B surface antigen containing bilosomes with different entrapped doses were prepared and assessed for their potential to induce of both mucosal and systemic immune responses. 
MATERIALS AND METHODS

Materials
Preparation of Hepatitis B Surface antigen (HBsAg) loaded bilosomes
Bile salt stabilized vesicles (bilosomes) were prepared as previously described by Conacher et al. (11) with some modifications. Briefly sorbitan tristearate, cholesterol and dicetyl phosphate in 7:3:1 molar ratios were dissolved in 10 ml chloroform in a round-bottomed flask. The chloroform was removed under reduced pressure using a rotatory evaporator to produce a thin film on the side of flask. The film was subsequently hydrated with 3.5 ml phosphate buffer saline (PBS, pH 7.4), containing 100 mg of sodium deoxycholate along with 400 μg (low dose, 10 μg/dose, B1), 800 μg (intermediate dose, 20 μg/dose, B2) and 2000 μg (high dose, 50 μg/dose, B3) of hepatitis B surface antigen (HBsAg), to produce HBsAg loaded bilosomes. The total preparation volume was than made up to 4 ml with PBS. The bilosomes were then sized by extrusion through 200 nm pore membrane (Millipore, USA). The unentrapped antigen and sodium deoxycholate were removed by mini column centrifugation method using sephadex G-100 column as described by Fry et al. (11) . Fractions were collected and challenged with Triton X-100 (0.2% v/v). The samples were diluted in order to fall within the standard curve (10μg/ml-100μg/ml). HBsAg was measured using micro BCA protein estimation kit (Genei, India). Experiment was repeated three times using a fresh column each time.
Characterization of bilosomes
The morphological examination of the bilosomes was performed using a transmission electron microscope (Philips CM-10, Netherlands) after negative staining of the samples with phosphotungustic acid solution (2%w/v). The mean particle size was determined by a photon correlation spectroscopy using a Malvern Zetasizer Nano ZS 90 (Malvern Instruments Co., U.K.).
Stability in simulated gastric fluid, simulated intestinal fluid and bile salt solutions
Stability of HBsAg loaded bilosomes was determined in simulated gastric fluid (SGF, pH 1.2), simulated intestinal fluid (SIF, pH 7.5) and different concentrations of bile salt (5 and 20 mM) by addition of 1.8 ml of different solutions to 0.2 ml of bilosomal formulation. After 2h samples were withdrawn and unentrapped HBsAg was removed by minicolumn centrifugation method using sephadex G-100 column as described by Fry et al. (15) . Unentrapped HBsAg free bilosomes were challenged with Triton X-100 (0.2%v/v) and HBsAg was estimated using AUSZYME ® monoclonal kit (Abbott Laboratories, USA).
Fluorescence microscopy
Fluorescence microscopy was performed for the confirmation of deposition of bilosomes in the GALT. FITC-BSA was used as a fluorescent marker and was loaded into the bilosomes. After 5 h (4) of oral administration of bilosomal formulation, the animals were sacrificed, the small intestine was removed, and cut and microtomy was performed. The sections of around 3µm thickness were viewed under a fluorescence microscope (Nikon Eclipse E 600) (n=3). Control animals were given the equivalent amount of unentrapped FITC-BSA (5mg in 500µl PBS (pH 7.4)) orally and microtomy was performed.
Immunization and sample collection
Female BALB/c mice of 6-8 weeks age, weighing 15-20g were used for in vivo studies. Animals were housed in groups of five with free access to food and water. They were deprived of any food intake for 3 h prior to immunization. The study protocols followed as approved by Institutional Animals Ethical Committee of Dr. Hari Singh Gour University, Sagar. The studies were carried out according to the guidelines of the Council for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Social Justice and Empowerment, Government of India. The mice were immunized by intragastric lavage, following the protocol: three primary inoculations for three consecutive days and boosting after 3 weeks was done. In order to administer 10µg /dose (B1), 20µg /dose (B2) and 50µg /dose (B3) the film was hydrated with 3.5ml PBS containing 400µg of HBsAg (group B1), 800 µg of HBsAg (group B2), 2000 µg of HBsAg and then final volume was made up to 4.0ml, that is 100µg of HBsAg was present in 1ml (group B1), 200µg of HBsAg was present in 1ml (group B2), 500µg of HBsAg was present in 1ml (group B3) respectively. Since the entrapment was found to be around 20% this means 20µg HBsAg/ml, 40µg HBsAg/ml, 100µg HBsAg/ml was entrapped in bilosomes of Group B1, Group B2 and Group B3 respectively. Moreover, 0.5ml bilosomes was orally administered, thus 10µg /dose (B1), 20µg /dose (B2), 50µg /dose (B3) was actually administered.
The mice were immunized by intragastric administration of formulations with 0.5 ml low dose HBsAg bilosomes (B1, 10µg/dose, group 1); 0.5 ml intermediate dose HBsAg bilosomes (B2, 20 µg/dose, group 2); and 0.5 ml high dose HBsAg bilosomes (B3, 50 µg/dose, group 3) for three consecutive days. Booster immunization was done after 3 weeks. The control group (group 4) received a 10µg dose of alum-adsorbed HBsAg intramuscularly on day 0 and a booster 3 weeks after primary immunization.
Samples of serum and secretions (saliva, vaginal fluid and intestinal lavage) were collected from immunized animals on day 0 before immunization. Blood was collected by retroorbital plexus under light ether anesthesia after 14, 28, 42 and 56 days of booster dosing and sera was stored at -40ºC until tested by ELISA for antibody titres. The intestinal lavage, vaginal and salivary secretions were collected after 5 weeks of booster immunization. For collection of saliva, mice were administered 0.2 ml sterile solution of pilocarpine (10 mg/ml) intraperitoneolly (IP), and 20 min later, the saliva was collected using capillary tube. Intestinal lavage was collected using the technique reported by Elson et al. (16) . Briefly, four doses of 0.5 ml lavage solution (NaCl 25 mM, Na 2 SO 4 40mM, KCl 10 mM, NaHCO 3 20 mM and polyethylene glycol MW 3350; 48.5mM) were administered intragastrically at 15 min. intervals using a blunt tipped feeding needle. Thirty minutes after the last dose the mice were given 0.2 ml pilocarpine (10mg/ml) IP. A discharge of intestinal contents was carefully collected for the next 20 minutes. Vaginal secretions were collected by using a pipettor to douche the mice with 0.1 ml of PBS (pH 7.4), which was then aspirated back into the pipette tip and used for the determination of antibody levels. These fluids were stored with 100 mM phenylmethyl sulfonyl fluoride (PMSF) as a protease inhibitor at -40ºC until tested by ELISA for secretory antibody (sIgA) levels.
Measurement of specific IgG and IgA responses
Antibody responses in immunized animals were monitored using a microplate ELISA. Microtiter plates (Nunc-Immuno Plate® Fb 96 Mexisorp, NUNC) were coated with 100 μl/well of 10 μg/ml HBsAg in PBS (pH 7.4) and incubated overnight at 4°C. The plates were washed three times with PBS-Tween 20 (0.05%, v/v) (PBST) and blocked with PBS-BSA (3% w/v) for 2 h at 37ºC, followed by washing with PBS-T. The serum/ body fluids were serially diluted with PBS and 100 μl of each sample was added to each well of coated ELISA plates. The plates were incubated for 1 h at room temperature and washed three times with PBST. One hundred microliters of peroxidase labeled goat anti-mouse IgG/ IgA (1:1,000 dilution, Sigma, USA) was added to each well. The plates were covered and after incubation for 1 h at room temperature washing was repeated. One hundred microliters of tetramethyl benzidine (TMB-H 2 O 2 ) solution was added to each well followed by addition of 50 μl of H 2 SO 4 after 90 min. After 15 min incubation, the plate was read at 450 nm using a plate reader (Biorad, USA). End point titers were expressed as the log of the reciprocal of the last dilution, which gave an optical density (OD) at 450 nm above the OD of negative controls.
Statistical analysis
Analysis of antibody titers was performed on logarithmically transformed data and the data were presented along with standard deviations (S.D.). Student's t-test was used to compare mean values of different groups. Multiple comparisons were made using one way analysis of variance (ANOVA) followed by post hoc analysis using Dunnet test. Statistical significance was considered at P<0.05.
RESULTS
Characterization of bilosomes
The TEM photomicrographs ( Figure I ) clearly indicated that vesicles were unilamellar and spherical in shape. The mean particle size as determined by photon correlation spectroscopy using a Malvern Zetasizer, Nano ZS 90 (Malvern Instruments Co., U.K.) was found to be 204±18 nm. The amount of HBsAg entrapped in the bilosomes was found to be around 18-22% of the amount added.
Stability studies
Stability of the formulations was assessed in simulated gastric fluid (SGF, pH 1.2) and simulated intestinal fluid (SIF, pH 7.5). It was found that in simulated gastric fluid (SGF, pH 1.2) around 90% of HBsAg was retained in the vesicles and in simulated intestinal fluid (SIF, pH 7.5) around 95% HBsAg was retained in the vesicles.
The formulations were also tested in 5 mM and 20 mM bile salt solutions. It was found that around 95% of HBsAg was retained in the vesicles at 5mM concentration and 85% of HBsAg was retained in the vesicles at 20mM concentration.
Fluorescence microscopy
Fluorescence microscopy revealed that after administration of FITC-BSA loaded bilosomes the localized fluoresce in the GALT region was much higher (Figure II B) compared to sections in which unentrapped FITC-BSA was administered orally ( Figure IIA) . This indicated the effective uptake of the bilosomes by the GALT (M Cells) especially to and through Peyer's patches. 
Immunological studies
The serum anti-HBsAg titre obtained after oral administration of B3 (i.e. high dose, 50 µg/dose) was comparable with titres obtained after intramuscular administration of alum adsorbed HBsAg (10 µg, control group) but the responses obtained following oral administration of B3 (i.e. high dose, 50 µg/dose) were significant (p<0.01) when compared with B1 (i.e. low dose, 10 µg/dose). The systemic immune responses are graphically presented in Figure III .
All the orally administered formulations produced significant sIgA responses (p<0.05) in mucosal secretions when compared with alum adsorbed HBsAg (control group), which was administered intramuscularly. Alum adsorbed formulations did not elicit detectable sIgA in mucosal secretions. The mucosal immune response measured as IgA titres is graphically shown in Figure IV .
DISCUSSION
In this study, transmission electron microscopy demonstrated that the vesicles were unilamellar and spherical in shape. The amount of antigen entrapped in the bilosomes was comparable with the data for other vesicular formulation such as liposomes incorporating HBsAg (17) .
In the case of oral delivery of vaccines, the antigen is exposed to the acidic environment in the stomach and degrading enzymes in the intestinal tract. Therefore the stability determination of the formulations in simulated gastric fluid (pH 1.2), simulated intestinal fluid (pH 7.5) and in different bile salt concentration was carried out in order to assess the ability of the bilosomes to withstand various bioenvironmental stresses as well as to retain the stability of antigen. The stability was assessed in the terms of percentage antigen retained in the vesicles and the studies demonstrated significant stability in simulated fluids as well as in different bile salt concentrations.
Fluorescence microscopy demonstrated effective and efficient uptake of bilosomes by the GALT and therefore it can be concluded that bilosomes are efficient in transporting vaccines to the Peyer's patches, resulting in both mucosal and systemic immune responses.
Oral tolerance induction is a key feature of intestinal immunity, generating systemic nonresponsiveness to ingested antigens (18) . Oral tolerance may also be dependent on the frequency of antigen administration and the dose (4). However, a fine balance is necessary between the mucosal delivery of antigens and induction of tolerance (19) . This study demonstrated effective and significant stimulation of both systemic and mucosal immune responses after oral administration of HBsAg loaded bilosomes and thus the goal of obviating tolerance was achieved successfully. Furthermore, bilosomes with higher dose of HBsAg (B3, 50 µg/dose, oral) produced comparable anti-HBsAg IgG antibody titre responses compared with responses to intramuscular injection of 10 µg of alum adsorbed HBsAg (control group) in addition to a mucosal antibody response.
Production of HBsAg-specific mucosal IgA antibodies is important for protection from mucosally transferred hepatitis B virus (20) and this study successfully demonstrated that all the bilosomal preparations elicited mucosal immune responses, with the highest response elicited in the case of bilosomes with a higher dose of HBsAg (B3, 50 µg/dose, oral). The intramuscular injection of 10 µg of alum absorbed HBsAg (control group) was unable to produce detectable mucosal sIgA antibody response, which is not unexpected.
In conclusion, the bile salt stabilized vesicles (bilosomes) are a promising carrier for oral immunization of HBsAg and five times higher entrapped dose is required using bilosomes to produce a comparable systemic antibody response with an additional benefit of secretory mucosal protection. Thus, HBsAg loaded bilosomes can provide a needle free, painless approach for immunization against hepatitis B, thereby increasing patient compliance and consequently increasing vaccination coverage.
